Sleep is an animal behavior shared by a wide range of species, suggesting that it must serve fundamental functions. However, the functions and molecular mechanisms underlying sleep are largely unknown. Through a metaanalysis of all available short-term sleep deprivation (SD) microarray data in mouse brain, we identified 91 key mouse SD-affected genes and two RBM3 isoforms showing opposite changes of expression during SD. Although most of the key SD-affected genes showed consistent changes of expression during SD across brain subregions despite their heterogeneous basal expression levels, we also identified the genes whose SD responses strongly depend upon the brain subregion. A gene regulatory network was also constructed for these genes showing that cAMP-responsive element (CRE) is one of the key cis-regulatory elements controlling SD-affected genes. We observed that SD during an animal's normal sleeping time could significantly disturb the circadian oscillation of clock genes. Surprisingly, synaptogenesis markers were significantly underexpressed in SD mice, differing from the previous findings in rat and fly. Comparing SD microarray data in mouse, rat, sparrow, and fly, we identified Egr and Nr4a gene families as conserved SD-affected genes, thus shedding new light on the origin of sleep in animals.
SLEEP IS a widespread physiological process, essential to the survival of almost all animals (6) . Sleep in mammals and birds is mainly defined by electroencephalographic (EEG) criteria such as slow-wave activity (SWA), whereas behavioral criteria, such as quiescence and increased arousal threshold, are also used as indicators of sleep in fish and invertebrates. The functions of sleep have been under intensive study recently. It has been shown that sleep is important for metabolism, immune system, and memory processing (1, 10, 17) . On the neuronal level, the sleep-wake cycle is known to be controlled by multiple neuronal systems through different neurotransmitters (29) . The wake-promoting system includes cholinergic neurons in the brain stem and basal forebrain, hypocretin (orexin) neurons in the lateral hypothalamus, dopamine neurons in the ventral tegmentum, and monoaminergic neurons, which include noradrenergic neurons in the locus coeruleus (LC), serotonergic neurons in the dorsal raphe nucleus (DRN), and histaminergic neurons in the tuberomammillary nucleus (TMN) (9, 28) . The sleep-promoting neurons are located in the preoptic hypothalamus, including the ventrolateral preoptic area (VLPO) and preoptic nucleus (MnPN), which can exert inhibitory modulation on wake-promoting systems by the inhibitory neurotransmitter GABA (28) . Prostaglandin D 2 (PGD 2 ), the well-known endogenous sleep-promoting factor, is also localized to the preoptic area (15) .
It is commonly known that sleep regulation relies on two key mechanisms: circadian rhythm and homeostasis. Although the molecular mechanism of circadian rhythm is largely known, less is known about the molecular mechanism of homeostatic regulation of sleep. More importantly, the precise interplay between the two mechanisms still remains unclear. A common approach to studying the homeostatic mechanism of sleep is sleep deprivation (SD). Typically, animals are sleep-deprived by mechanical, electrical, optical, or social stimulations and disturbances for an extended period before they are compared with animals under normal sleep conditions. Short-term SD can last for 3-12 h during the period when animals normally sleep. Since 2000, several genomewide microarray studies on short-term SD have been conducted to investigate the genes relevant to sleep in various animal species, including mouse, rat, sparrow, and fly (4, 5, 19, 23) . Inferred from the functions of differentially expressed genes identified in these studies, it was proposed that macromolecular synthesis such as heme, protein, and lipid synthesis could be a key function of sleep (21) and that sleep is necessary for synapse renormalization and memory consolidation (2, 6, 26) . However, these experiments lacked in-depth analyses of gene regulation, and the consistency of their results has not been assessed. Microarray data are intrinsically noisy, and different laboratories use different animals or conditions, so only through data integration can one identify the key SD-affected genes. Furthermore, comparing the results across different organisms can also shed light on the evolution of sleep.
In this paper, we integrated all available short-term SD microarray data in mouse, rat, sparrow, and fly (Supplemental Table S1 ) to identify the SD-affected genes conserved throughout animal evolution. 1 We constructed a gene regulatory network for the key SD-affected genes in mouse, combining promoter analysis and transcription factor knockout or mutant microarray experiments, similar to our previous analysis for mammalian circadian rhythm (36) . Comparing with the circadian gene regulatory network, we investigated the relationship between circadian and homeostatic controls of sleep.
MATERIALS AND METHODS

Short-term SD microarray data.
We collected all available shortterm SD data from different laboratories for mouse, rat, sparrow, and fly (Supplemental Table S1 ). All experiments were conducted under light/dark conditions. The mouse microarray data used to identify SD-affected genes in mouse consisted of two of Maret et al.'s (23) three SD and three control whole brain data sets at zeitgeber time (ZT) 6, each consisting of a pool of three mice, and one cortex and one hypothalamus data set from Mackiewicz et al.'s (21) five SD and five control data sets at ZT6, each consisting of one mouse on the Affymetrix platform (Mouse Genome 430 2.0 Array: Moe4302). Only data from the C57BL/6J (B6) mouse strain during 6-h SD and controls between ZT0 and ZT6 were used in this study. SD microarray data from the Allen Brain Institute were conducted on the GE array platform covering seven brain regions: suprachiasmatic nucleus (Sch), LC, TMN, lateral hypothalamus in the vicinity of the hypocretin neurons (Hcrt), orbital cortex (ORB), cortical amygdala (posteromedial) (COApm), and dorsal entorhinal cortex (ENT). The rat data consisted of two data sets conducted on the Affymetrix platform: one from cerebral cortex (4) and one including three brain regions (cerebral cortex, basal forebrain, and hypothalamus) (31) . The sparrow data consisted of one data set in telencephalon (19) . The Drosophila data consisted of two data sets conducted on the Affymetrix platform: one from the head (5) and the other from the brain (40) . For all Affymetrix data sets, the RMA method in the R package "affy" was used to normalize all the raw data in "CEL" file format. For the GE data set, normalized expression data were downloaded from http://sleep. alleninstitute.org. Moe4302 array probe sets were annotated to gene symbols with the Affymetrix V27 annotation download from http:// www.affymetrix.com/. Rat and fly Affymetrix microarray probe sets were annotated with the "annaffy" package in Bioconductor (12) . GE probes were annotated with the Bioconductor (12) package "mwgcod.db". For consistency, we only used 6-h short-term SD data in most of the analyses to identify SD-affected genes. For rat data only, the length of the SD data was 8 h. For fruit fly, we only used SD data for wild-type strain Canton-S (CS strain) sleep deprived between ZT12 and ZT18. For most of the SD data sets, one-way ANOVAs were applied, with sleep state (SD vs. control) as the factor to identify differentially expressed genes. When there were multiple probe sets corresponding to the same gene, we selected the probe set having the smallest P value to represent that gene. For the sparrow data sets and the rat data set from Terao et al. (31) , the raw data were not available, and we extracted the significant gene lists from the supplemental data of their publications directly. For the GE microarray data set from the Allen Brain Institute, expression values below 0.01 were set to 0.01, and only genes showing a present flag ("P") in at least 28 of 56 samples were included in the analysis. Two-way ANOVA was applied, with sleep state and brain region as two factors to select the differentially expressed genes in the whole brain region (Psleep Ͻ 0.05 and |log 2FCsleep| Ͼ 0.5), where Psleep and log2FCsleep are the P value and log 2-transformed fold change of sleep state comparison in twoway ANOVA.
To integrate all four B6 strain mouse microarray results in brain on the Affymetrix platform, the overall significance of differential expression during SD was represented by the summation of log10-transformed P values, log 10Pi, in each data set, i.e., ͚ i log 10 Pi, which follows a 10 Pi is the averaged log2-transformed fold change with log10Pi as the weight. Both summed log10-transformed P value and weighted log 2-transformed fold change were used to select the key SD-affected genes as described in Reference 14. A criterion for log2-transformed fold change is necessary here to remove the changes below the microarray detection limit, although some modestly changed SD genes might be missed. The number of expected false positives was estimated by performing 100 simulations with random permutations, and the false discovery rate (FDR) was defined as the number of expected false positives over the number of significant results as described in Reference 7. Ϫ ͚ i log 10 Pi Ͼ 6.5 and |͗log2FC͘| Ͼ 0.5 were used as the criteria to select the key SD-affected genes, corresponding to FDR ϭ 0.15. We obtained 109 significant probe sets corresponding to 91 unique mouse genes (Table 1) . Two fruit fly data sets were combined with a similar method using a relaxed condition Ϫ ͚ i log 10 Pi Ͼ 2.5 and |͗log2FC͘| Ͼ 0.5 to take into account the small number of data sets. The negative summation of log-transformed P values follows a 2 distribution with degree of freedom equaling the number of experiments combined. The threshold for summed log 10-transformed P values was changed to a lower threshold for fly data sets because there were only two data sets to be combined so that a similar FDR can be guaranteed. For the rat data set, P value Ͻ 0.05 and |log 2FC| Ͼ 0.5 were used as the criteria for significance in the report of Cirelli et al. (4) , and the significantly differentially expressed genes extracted from Terao et al. (31) were included if they showed consistent over-or underexpression in at least two of three brain regions.
Spatial expression patterns in mouse brain. The in situ hybridization (ISH) data of 20,936 genes in 17 different brain structures were downloaded from the Allen Brain Institute (http://www.alleninstitute. org/). Expression level was calculated as the average signal intensity of expressing cells in the structure multiplied by the area where the gene is expressed in that structure. A heat map was generated by heatmap2 in the gplots package (Bioconductor package) (12) . The red-green colors represented normalized expression values. The hierarchical clustering of genes was based on the euclidean distances (complete linkage).
SD effects in mouse brain subregions. Six of seven subregions in the GE microarray were grouped into two regions, cortex (including COApm, ENT, and ORB) and hypothalamus (including Hcrt, TMN, and Sch). Two-way ANOVA was then applied to the GE microarray in cortex and hypothalamus and the corresponding data sets on Affymetrix platform (from Mackiewicz et al.), respectively, with sleep state (SD vs. SD-control) and brain region (cortex vs. hypothalamus) as two factors. We also computed correlation coefficient per gene for average expression levels in cortex and hypothalamus in SD and control mice between Affymetrix and GE platforms. The genes that showed consistent dependence on brain region were defined as P interaction Ͻ 0.05 and |log2FCinteraction| Ͼ0.5 in both data sets (Pinteraction and log2FCinteraction are the P value and log2-transformed fold change of interaction of two factors in two-way ANOVA), correlation coefficient Ͼ0.8, and correlation P value Ͻ0.1.
Comparisons across animal species. To compare the SD-affected genes across species, rat, sparrow, and Drosophila gene symbols were converted to their orthologous mouse gene symbols with the Ensembl homologs database (V52) downloaded by BioMart (http://www. ensembl.org/biomart/). In rat vs. mouse and sparrow vs. mouse comparisons, only the one2one orthologous relationship was used, whereas in Drosophila vs. mouse comparison, both one2one and one2many orthologous relationships were used.
Gene regulatory network construction. Knockout or mutant mouse microarray data for transcription factors Egr1/Egr3, Bmall/Clock, Nr1d1/Rora/Rorc, Dbp/Hlf/Tef, Cebpa/b/c/d, Hsf1, Ppara, Creb1, and Nr3c1 were downloaded and analyzed with methods similar to those described in our previous paper (36) . In the SD gene regulatory network, we included both up-and downregulated genes upon the knockout or mutant of transcription factors regardless whether they are activators or repressors, as more and more evidence suggests that many transcriptional factors can function both as activator and repressor (20, 25) . We also added the experimentally validated target genes of the SD-affected transcriptional factors from the TRANSFAC database (33, 34) to our network. Fos deletion microarray data (GSE10218) were obtained from a tumor model of mouse skin (K5-SOS-F) (8) . The "marray" and "limma" packages in Bioconductor (12) were used to normalize the data and identify the differentially expressed genes, respectively. A gene was considered significant if Benjamini-Hochberg-adjusted P value Ͻ 0.05 and |log2FC| Ͼ 0.5; 175 upregulated genes and 405 downregulated genes after Fos deletion were identified. Conserved transcription factor binding sites between human, mouse, and rat were downloaded from the University of California Santa Cruz (UCSC; http://genome.ucsc.edu/). The transcription start sites (TSSs) of mouse genes were extracted from the mouse genome with the same method described in our previous paper (36) . The 2,500-bp flanking regions of TSSs were considered as promoter regions. The Creb1 binding site information from three experiments (18, 24, 38) by chromatin immunoprecipitation-chip (ChIP-chip) were also downloaded. For data in References 24 and 38, which used ChIP with microarray technology, confidence level pvalueϽ0.001 & binding ratioϾϭ2 were used as cutoff to select the ChIP-positive probes as described in Reference 38. For the data in Reference 18, which used ChIP with modification of SAGE, the binding information was just extracted from the paper. We selected the binding sites that exist in at least two of three data as positive CREB binding sites; 1,026 binding sites were obtained in total. Fisher's exact test (P Ͻ 10
Ϫ4 ) was applied to analyze the enrichment of putative transcription factor binding sites (TFBS) on the promoters of SD-affected genes with the promoters of all known genes as the background, which is similar to that described in our previous paper (36) .
Animals. The experiment was performed with male C57BL/6 mice. The animals (n ϭ 12, weighing 29 -30 g, 16 wk old) were kept under a regular light-dark cycle of 12:12 h (lights on at 07:00 AM) at a controlled ambient temperature of 23 Ϯ 1°C with food and water available ab libitum. The use and care of the mice were in accordance with protocols reviewed and approved by the Animal Advisory Committee at the Shanghai Institutes for Biological Sciences. The experimental animals were divided equally into the SD group (n ϭ 6) and the control group (n ϭ 6). In the SD group, mice were sleep deprived for 6 h between ZT0 and ZT6 with the use of a small, soft brush to touch the back of the mouse several times whenever it appeared to become sleepy without quantitative behavioral monitoring. In the control group, mice were permitted to sleep. At ZT6, all the mice were killed. Tissue samples (cerebral cortex, hypothalamus, heart, liver, fat, kidney, muscle) were collected and stored at Ϫ80°C. Real-time PCR validation. Total RNA was prepared from cerebral cortex by homogenizing in TRIzol reagent (Invitrogen). Total RNA quantities were measured by a Nanodrop spectrometer. Total RNA qualities were assessed with the Agilent Bioanalyzer 2000. Five hundred nanograms of total RNA from each sample was reverse transcribed with random primers and reverse transcriptase (Invitrogen) in a 20-l reaction. Real-time PCRs were performed with 5 l of RT product (diluted 1:10) and SYBR Green I Master Mix (Roche) in a 20-l reaction on a LightCycler 480 (Roche). 18S ribosomal RNA (18S) was used as reference, because there has been no evidence suggesting that 18S would change during SD. The critical threshold (C T) value is the PCR cycle number at which the PCR growth curve crosses a defined threshold in the linear range of the reaction. ⌬CT is defined as CT(tested gene) Ϫ CT(18S), where CT(tested gene) and CT(18S) are the CT values of tested SD-affected genes and reference 18S gene, respectively. The relative expression level is computed as 2
The primer sequences of genes tested in real-time PCR and CT values for all the validated genes are listed in Supplemental Table S2 .
RESULTS
Identification of SD-affected genes in mouse brain.
We integrated four B6 mouse brain Affymetrix microarray data sets, including two in whole brain, one in cortex, and one in hypothalamus from two independent short-term SD studies (21, 23) . Using a stringent criterion (MATERIALS AND METHODS), we identified 109 significant (FDR Ͻ 0.15) probe sets corresponding to 91 key unique SD-affected genes (Table 1) ; 54 genes were overexpressed whereas 36 were underexpressed during SD. Interestingly, two probe sets corresponding to Rbm3 gene showed opposite differential expression, i.e., one probe set (1429169_at) was overexpressed while the other one (1422660_at) was underexpressed in SD. Many known sleeprelated genes in the literature such as Arc, Egr family genes (Egr1, Egr2, Egr3), Homer1a, and heat shock protein family genes (Hsp5a, Hspa1b, Hspa1) were identified. Many overexpressed SD-affected genes are immediate-early genes and transcriptional factors. Many underexpressed SD-affected genes are involved in RNA/lipid metabolic process such as coldinduced RNA binding proteins Rbm3 and Cirbp. In addition, we identified seven significant probe sets that have no previous annotated gene symbols. They were aligned to the mouse genome with the UCSC genome browser (http://genome. ucsc.edu/). 1442570_at, 1444333_at, and 1459557_at were aligned to intronic regions of Zmym1, Strn3, and Zbtb16, respectively; 1435374_at, 1442025_a_at, 1435119_at, and 1457137_at were all aligned to mouse expressed sequence tags (ESTs) without gene annotations. It suggested that there were still unknown genes or transcripts that might play important roles in sleepwake regulation. We selected three genes (Egr1, Homer1a, and Cirbp) identified in our analysis to be validated by real-time PCR in our independently collected SD and control mice (MATERIALS AND METHODS). These three genes were chosen because they were not only highly significant in our metaanalysis but also widely reported to be linked to SD. All of them showed significant differential expression consistent with our meta-analysis results (Supplemental Fig. S2) .
Two isoforms of Rbm3 in sleep-wake regulation. Further examination of two Rbm3 probe sets indicated that they corresponded to two Rbm3 isoforms. They only differ in their last 3= splice sites leading to different 3= untranslated regions (UTRs) (Fig. 1A) . The short isoform is the commonly known Rbm3 transcript and can be found in human, mouse, and rat. The long isoform is less known and annotated as RefSeq only in mouse (NM_016809). Comparative genomic analysis of the long isoform indicated that its last 3= splice site is only conserved in rat but not in human. Real-time PCR analysis validated the opposite changes of expression of these two isoforms in our independently collected sleep-deprived mice (Fig. 1B) . This suggests that they may have different functions in sleep.
Expression patterns of key SD-affected genes in mouse brain. We investigated the expression patterns of 91 key SD-affected genes identified above in different mouse brain regions from ISH data in mouse brain available from the Allen Brain Institute. We observed that most key SD-affected genes showed significant variations across different brain regions. In particular, immediate-early genes overexpressed in SD including Egr family (Egr1, Egr2, Egr3), Homer1a, Nr4a1, and Arc were highly expressed in cerebral cortex, hippocampus, olfactory bulb, and striatum and expressed at low levels in other regions. In comparison, RNA-binding proteins underexpressed in SD including Rbm3 (short isoform) and Cirbp were also highly expressed in cerebral cortex, hippocampus, and olfactory bulb but expressed at low levels in striatum and other regions (Supplemental Fig. S1 ).
SD-induced gene expression changes in mouse brain subregions.
The Affymetrix microarray studies only identified the expression changes of SD-affected genes in gross brain regions. Next, we aimed to examine the effects of SD on gene expression on a much finer scale in mouse brain. Thus we analyzed the gene expression data during SD in seven selected microdissected mouse brain subregions including Sch, LC, TMN, Hcrt, ORB, COApm, and ENT from the Allen Brain Institute, using GE mouse arrays. Among the 91 key SDaffected genes, 15 genes were also significantly differentially expressed (P Ͻ 0.05) in SD versus control mice on GE microarray. Their changes of expression are also consistent between Affymetrix and GE microarray except for one gene: Rprd2. Of 15 genes, only one gene, Arc, whose expression changes under SD, showed significant dependence (P ϭ 0.006) on brain subregions on GE microarray. During SD, Arc was significantly overexpressed in most subregions but underexpressed in Hcrt and Sch. The other 14 genes all showed consistent change under SD across the 7 microdissected brain subregions.
On the GE microarray, we observed that the gene expression profiles in seven microdissected brain subregions can be clustered into three groups: cortical regions (COApm, ENT, ORB), hypothalamic regions (Hcrt, TMN, Sch), and the LC region. Thus we grouped the three cortical and three hypothalamic subregions in the GE microarray into cortex and hypothalamus, respectively, and cross-compared with Mackiewicz et al.'s SD data set in cortex and hypothalamus on the Affymetrix platform. We computed the Pearson's correlation coefficient (r) per gene for average expression levels in cortex and hypothalamus under SD and control conditions between Affymetrix and GE microarray experiments. We observed a general consistency indicated by a significant bias toward positive correlations for all the overlapping genes between the two experiments. Nine genes whose expression changes under SD showed significant dependence on brain regions (P Ͻ 0.05) consistent between Affymetrix and GE microarrays are shown in Table 2 . Among these, Sgsm1 was overexpressed in cortex during SD but underexpressed in hypothalamus in both Affymetrix and GE data sets. Specifically, it was overexpressed in ENT and ORB during SD but underexpressed in Hcrt in the GE data set.
Gene regulatory network in mouse SD. In our previous study (36), we constructed a gene regulatory network for mouse circadian rhythm combining transcriptional factor knockout or mutant microarray data and promoter analysis. Here, we used a similar strategy to construct a gene regulatory network for key SD-affected genes that differed in two aspects. First, we included both up-and downregulated genes upon the knockout or mutant of transcription factors regardless of whether they are commonly known as activators or repressors, because more and more evidence suggested that many transcriptional factors can function as both activator and repressor (20, 25) . Second, we also included the experimentally validated target genes of the key SD-affected transcriptional factors from the TRANSFAC database (33, 34) genes in mouse. Figure 2 shows the network consisting of 77 key SD-affected genes and 10 cis-regulatory elements connected through 174 regulatory interactions. In this network, cAMP-responsive element (CRE) appeared to be the central cis-regulatory element involved in the SD. Many other SDaffected transcriptional factors including Egr1, Fos, Nr4a1, and Creld2 were all regulated by CRE. Although we did not identify Homer1a as a target of CRE in our network, we still identified multiple conserved CRE binding sites in the promoter region of Homer1a, consistent with the recent experimental result that Homer1a is regulated by CRE (37) . Enrichment analysis using Fisher's exact test showed that CRE and EGR1/2/3 binding sites were significantly enriched in the promoters of key SD-affected genes. Among all cis-regulatory elements potentially important for sleep, CRE showed the most significant enrichment in both overexpressed (P value ϭ 8.64 ϫ 10
Ϫ8
, odds ratio ϭ 10.6) and underexpressed (P value ϭ 7.07 ϫ 10
Ϫ4
, odds ratio ϭ 4.3) SD-affected genes. Analysis of target genes of CREB1 from ChIP-chip experiments also showed significant enrichment in both overexpressed (P value ϭ 0.01, odds ratio ϭ 3.14) and underexpressed (P value ϭ 6.48 ϫ 10
Ϫ3
, odds ratio ϭ 4.76) SD-affected genes. EGR1/2/3 binding sites were also enriched for overexpressed genes (P value ϭ 4.03 ϫ 10 Ϫ3 , odds ratio ϭ 2.36) and for underexpressed genes (P value ϭ 6.86 ϫ 10
, odds ratio ϭ 2.65). In an EGR knockout experiment (3), both Cirpb and Rbm3 (short isoform) were significantly upregulated, indicating the inhibitory effect of EGR1/2/3 on Cirbp and Rbm3 (short isoform). This is consistent with the overexpression of EGR1/2/3 and underexpression of Cirbp and Rbm3 (short isoform) during SD.
Interplay between sleep and circadian gene regulatory networks. In the circadian rhythm gene regulatory network E-box was the key cis-regulated element, whereas in the SD gene regulatory network CRE appeared to be the key element. However, these two networks were intertwined through genes such as the Per gene family, which are discussed in the paper of Franken and Dijk (11) . Per2 is the known key circadian rhythm gene but was also significantly overexpressed during SD. The promoter of Per2 contains conserved CRE and E-box. Dbp is another known key circadian rhythm genes but was significantly underexpressed during SD. We systematically identified 36 key SD-affected genes whose gene expression also showed circadian oscillation in mouse brain in our previous circadian gene expression database (36) . Interestingly, we observed that the circadian peak times of underexpressed key SD-affected genes all fell between ZT0 and ZT12, whereas the circadian peak times of overexpressed genes all fell between ZT13 and ZT24 (Table 3) . For the two probe sets of Rbm3, the overexpressed set showed a circadian peak time at ZT19 while the underexpressed set showed a circadian peak time around ZT10. Since all SD experiments used in this study were conducted between ZT0 and ZT6, we then checked the expression changes of circadian oscillating genes in an around-theclock SD experiment (23) . The circadian oscillating genes showed the same type of expression changes upon SD in ZT6 -ZT12 as well as in ZT0 -ZT6, while they showed much less change of expression during SD in ZT12-ZT18 and ZT18 -ZT0 (Supplemental Table S3 ). Thus SD during the time when animals normally sleep (ZT0 -ZT12) has much more effect on the circadian oscillating genes. SD and synaptogenesis. It was suggested that sleep is essential for synaptic plasticity and memory consolidation (6) , but the mechanism that connects sleep and memory is still unclear. Vyazovskiy et al. (32) first revealed that synaptic markers increased during wakefulness and decreased during sleep in rat. More recently, Gilestro et al. (13) observed a similar phenomenon in Drosophila. They suggested that sleep may be involved in maintaining synaptic homeostasis through a synaptic trimming process. To test this result in mouse mRNA expression, we examined the gene expression changes for the genes related to synaptogenesis selected from the literature in our collected SD microarray data sets. The results are shown in Table 4 . To our surprise, almost all the genes that are involved in synaptogenesis were underexpressed in SD in mouse except two immediate-early genes: Bdnf and Homer1a. The results for five synaptogenesis-related genes were further validated by real-time PCR in the cortex region of our independently collected SD and control mice. These genes related to synaptogenesis were chosen from the significant genes in our metaanalysis whose functions in synaptogenesis have been reported in the literature. In our real-time PCR analysis, Nlgn1 (P value ϭ 6.6 ϫ 10
Ϫ4
, log 2 -transformed fold change ϭ Ϫ0.53), Syn2 (P value ϭ 8.1 ϫ 10
Ϫ3
, log 2 -transformed fold change ϭ Ϫ0.32), Syp (P value ϭ 9.7 ϫ 10
, log 2 -transformed fold change ϭ Ϫ0.31), Dnajc5 (P value ϭ 1.6 ϫ 10
Ϫ2
, log 2 -transformed fold change ϭ Ϫ0.25), and Nlgn2 (P value ϭ 5.7 ϫ 10
Ϫ3
, log 2 -transformed fold change ϭ Ϫ0.24) were significantly underexpressed upon SD (Fig. 3) .
Comparisons of SD-affected genes across animal species. To study the evolution of SD-affected genes across different animal species, we also analyzed SD microarray data in rat, sparrow, and fly. Comparing SD-affected genes between mouse and rat, we identified 14 genes that showed significantly differential expression in both species. Rbm3 (short isoform) was consistently underexpressed in both mouse and rat, and the rest of the overlapping genes were all consistently overexpressed, including genes such as Egr family genes (Egr1 and Egr2), Homer1a, Arc, and heat shock proteins. Comparing SD-affected genes in mouse with those in sparrow extracted from the report of Cirelli and colleagues (19), we identified six overlapping genes. Cirbp was underexpressed during SD, whereas Arc, Nr4a1, and Egr1 were overexpressed in both species. Gria1, a glutamate receptor, and Sfrs5, a splicing factor, showed inconsistent changes of expression during SD between mouse and sparrow. We also compared mouse and fly SD data. Homologous genes or gene families between mouse and fly were identified with a weak homology criterion. Only two protein families, Sr in fly, ortholog of Egr family in mammals, and Hr38 in fly, ortholog of Nr4a family in mammals, were consistently overexpressed during SD in both mouse and fly. The overlapped genes are shown in Table 5 . Underexpressed in hypothalamus Nlgn2
Underexpressed in hypothalamus and cortex Homer1a Overexpressed
Mouse gene symbol, official symbols of mouse synaptogenesis-related genes; Drosophila gene symbol, official symbols of synaptic proteins used in paper of Gilestro et al. (13) . Over-or underexpressions in Affymetrix data sets were defined as P Ͻ 0.01 and log2-transformed fold change Ͼ 0.5 in at least 1 data set or P Ͻ 0.05 and consistently over-or underexpressed in at least 2 data sets. Genes in bold were selected to be validated by real-time PCR. Probe ID, SumlogP, and WlogFC are described in Table 1 . PK, circadian peak time in mouse whole brain of our mammalian circadian database.
DISCUSSION
Recent microarray experiments on SD in several animal species varied in their designs such as the animals used, the analysis methods, and so on, although they all have the same goal of identifying molecular correlates of sleep. Therefore, without data integration and cross-comparison it is difficult to determine which results are closer to biological reality. Only through meta-analysis of these microarray data can one reveal the real essential sleep-related genes, because only those genes that are independent of experimental designs are true essential genes involved in sleep. By combining all available short-term SD microarray data in mouse brain, we identified 91 key SD-affected genes that showed consistent over-or underexpression during SD. In contrast to the previous study that found that most significant differentially expressed genes were underexpressed during SD (21), we observed that most differentially expressed genes were overexpressed during SD. We also identified that two Rbm3 isoforms differing in their 3= UTRs had the opposite changes of expression, which have been verified by real-time PCR experiment. The short isoform was overexpressed in normal sleep while the long isoform was underexpressed, so we suspected that the opposite response of the two Rbm3 isoforms might have an important role in sleep regulation.
SD-affected genes identified in our analysis largely fell into four major categories. The largest category is stress/stimulus response, including heat shock proteins, consistent with previous studies that there was increased endoplasmic reticulum stress associated with extended wakefulness (30) . Genes involved in nervous system development, learning, memory, and synaptic plasticity were significantly overexpressed during SD. It was postulated that there is an increase in overall synaptic potentiation during wakefulness in Drosophila (22) . Genes involved in regulation of apoptosis, cell proliferation, cell cycle, and cell differentiation were also significantly enriched in SD-affected genes. The expression of RNA and lipid metabolic genes decreases during SD, consistent with the previous suggestion that there is an increase of macromolecule synthesis during sleep. The functions of many SD-affected genes are still not well understood, such as the three most significantly downregulated genes, Opalin, Hnrpdl, and Eml2, and coldinduced RNA binding proteins such as Rbm3 and Cirbp. Further studies on the functions of these genes are needed.
We observed that the expression patterns of SD-affected genes were highly heterogeneous in different mouse brain regions. Immediate-early genes overexpressed in SD including Egr family (Egr1, Egr2, Egr3), Homer1a, Nr4a1, and Arc were highly expressed in cerebral cortex, hippocampus, olfactory Table 5 . Overlapped SD-affected genes across species bulb, and striatum and expressed at low levels in other regions. RNA-binding proteins underexpressed in SD including Rbm3 (short isoform) and Cirbp were highly expressed in cerebral cortex, hippocampus, and olfactory bulb while expressed at low levels in striatum and showing a different expression pattern in other regions, which could indicate that striatum plays different roles in sleep and wake regulation. Furthermore, the consistent over-or underexpression upon SD for most of the SD-affected genes in different brain regions confirmed that these genes were universal SD-affected genes in the whole brain. On the other hand, genes whose expression changes upon SD showed significant dependence on brain regions do exist. Arc was overexpressed in most brain subregions while underexpressed in Hcrt and Sch. Sgsm1 (small G protein signaling modulator 1) was overexpressed in ENT and ORB during SD but underexpressed in Hcrt.
Comparing across different organisms, we identified the Egr family (Egr1, Egr2, Egr3) and the Nr4a family (Nr4a1, Nr4a2, Nr4a3) as the only SD-affected genes conserved from insect to bird and mammal. Both gene families are immediate-early genes, and they showed consistent overexpression across different mouse brain subregions during SD. Arc and heat shock proteins are conserved SD-affected genes only in vertebrates, i.e., bird, mouse, and rat. This led us to speculate that sleep might evolve from simple homeostatic adaptation to environmental stimulations. Simple organisms receiving external stimuli in the active period need to be desensitized in their inactive period. Other functions of sleep that are highly divergent across different species might have been acquired later during evolution (27) .
As 12 of the overexpressed SD-affected genes are transcriptional factors, transcriptional regulation must have played an important role in the sleep regulation. By integrating the transcriptional factor knockout or mutant microarray data, promoter analysis, and ChIP-chip data, we constructed a gene regulatory network for SD-affected genes in mouse. The network and putative TFBS enrichment analysis all indicated that CRE could play a key role in sleep-wake regulation, and almost all the key SD-affected genes were either directly or indirectly regulated by CRE. This is consistent with the fact that the PKA-CREB pathway has been identified as promoting wakefulness in many species, such as Drosophila, Caenorhabditis elegans, mouse, and rat (16, 39) . In our gene regulatory network, other transcription factors such as GR and CEBP family also appear to play important roles in sleep regulation. Combining key SD-affected genes with circadian oscillating genes in mouse brain, we identified a set of circadian clock genes that could also be involved in sleep. SD during an animal's normal sleeping time can also significantly disturb the circadian oscillation of clock genes, and thus exert its negative influence on circadian rhythm.
Much evidence has shown that sleep is essential for memory and learning. Memory formation was proposed to be related to modification of synapses. Recently, there have been observations that synaptic markers increase during wake and decreased during sleep in rat and Drosophila (13, 32) . To our surprise, almost all the genes that are involved in synaptogenesis in mouse were underexpressed during SD except two immediateearly genes, Bdnf and Homer1a, at the mRNA level. This could be due to mRNA and protein level differences, species differences, and so on. Our study calls for new investigations on synaptogenesis in animal sleep.
Our studies have the following limitations. Like any metaanalysis, it has been limited by disparate study measures, sample sizes, and availability of original data. For some microarray studies, we only included significant gene lists, because it was not practically possible to obtain all original data from different labs. Meanwhile, because our study was mainly a computational study, the animals used in the limited real-time PCR assays were not behaviorally monitored as in other experiments. Thus future experimental validations of the results obtained in our computational analysis will be needed.
